The physical mapping of six ts mutations of herpes simplex virus type 2 (HSV-2) is presented. The results were obtained from 14 separate intratypic marker rescue experiments and the analysis of 20 HSV-1/HSV-2 intertypic recombinants. The order of these mutations on the physical map of HSV-2 is unambiguous and correlates almost exactly with the previously published genetic map of Timbury & Calder (1976). One of the mutants studied (HSV-2 tsl2) has apparently two distinct conditionally lethal ts mutations, one in the long and the other in the short region of the HSV genome.
INTRODUCTION
Herpes simplex has a genome composed of approx. 100 x 106 daltons of linear double-stranded DNA (Becker et aL, 1968; Kieff et al., 1971) . Sheldrick & Berthelot (1974) first showed that DNA molecules isolated from virions are composed of long and short unique regions, each flanked by inverted repeated sequences. The long and short regions invert with respect to each other, resulting in four genome isomers present in approximately equal amounts in DNA extracted from virions (Hayward et al., 1975; Clements et al., 1976; Delius & Clements, 1976; Skare & Summers, 1977) .
The number of genes encoded in HSV is unknown. To date, genetic analysis has identified 23 complementation groups for herpes simplex virus type 1 (HSV-I) and 20 for HSV type 2 (HSV-2) . Recently it has proved possible to map the physical location of conditional-lethal HSV-1 mutations using intra-and intertypic marker rescue (Knipe et al., 1978 (Knipe et al., , 1979a Stow & Wilkie, 1978; Chartrand et al., 1979 Chartrand et al., , 1980 Chu et al., 1979; Moss et al., 1979; Ruyechan et al., 1979; Parris et al., 1980) . Physical maps for HSV-coded polypeptides and functions have also been constructed by combined analysis of polypeptide profile and restriction enzyme-generated fragments of intertypic recombinants produced by either intertypic marker rescue or genetic crosses Morse et al., 1978; Preston et al., 1978; Ruyechan et al., 1979) .
In this paper we present the physical mapping of six temperature-sensitive (ts) mutations of HSV-2 by intra-and intertypic marker rescue. (Sheldrick & Berthelot, 1974) and physical maps for HSV-1 (strain 17) and HSV-2 (strain HG52) (Cortini & Wilkie, 1978; Wilkie, 1976; A. Davison, unpublished results) . HSV-1 maps are shown above and HSV-2 maps below the DNA models (see Methods). As previously reported (Cortini & Wilkie, 1978; Wilkie, 1976) , fragments which span the joint between the L and S components comprise combinations of terminal fragments. HSV-1 DNA" XbaI a=d + IS], b=g + [S]; HindlII b =d + g, c=d + m, e=i + g, f=i + m; EcoRI b=e + k, c=j + k; Bglll a=f + h, b=j + h, c=f + l, e=j + l; Hpal a=m + c, d=m + g; Kpnl a=r + j, DNA alone, titrated at 38.5 °C to measure the leakiness and reversion, and 31 °C which measures the infectivity of the ts DNA. All the fragments assayed on their own yielded no detectable progeny (data not shown). Table 1 shows the rescue of HSV-2 ts 1 with XbaI, HindIII, EeoRI and HpaI fragments. The XbaI fragments which rescued were e, f and g. Fig. 1 shows that these fragments have the g sequences in common. Of the other restriction endonuclease-generated fragments, only HindIII a, EcoRI I and HpaI e resulted in rescued progeny. Fig. 1 shows that these fragments, and XbaI g, share sequences in the region defined by the XbaI d to g and EcoRI 1 to h sites. Table 2 shows the rescue of HSV-2 tsl3 with XbaI, HindIII and EcoRI fragments. The results were clear cut: in each case only one fragment yielded rescued progeny and the rescuing fragments contained common sequences mapping between the EcoRI p to 1 and XbaI d to g sites. $ ND, Not done. Table 3 shows the rescue of HSV-2 ts6 and HSV-2 ts12. In the experiment with HSV-2 ts6, a high level of ts + progeny was observed with all the XbaI fragments except j, but the rescue with abc was 35 times higher than any other fragment. Fig. 1 shows that the a, b and c fragments all contain the c sequences. The reason for the high background rescue is not known but it could be due to leakiness or reversion since infection with HSV-2 ts6 DNA alone at 38.5 o C also resulted in the appearance of progeny. The HindlII cd, efg and h bands all resulted in rescue of HSV-2 ts6, but efg resulted in 43 and 311 times more progeny than cd and h respectively. The three DNA bands run very close together on agarose gels and are likely to be cross-contaminated; the results suggest that only fragments e, f or g rescue. Fragments f and g span the joint, and contain HindlII fragments m, i, j and k ( Fig. 1) . No rescue was obtained with the latter DNA fragments and it is most likely that the lesion in HSV-2 ts6 is contained within HindlII e. HindlII e and XbaI c share sequences in common. This suggests that the HSV-2 ts6 lesion is contained in a region between the HindlII h to e and XbaI c to d sites, confirming the results obtained by intertypic marker rescue ; this study). The only rescuing XbaI band with HSV-2 tsl2 is abc (Table 3) . As explained in the discussion, we conclude that in this case the rescue was due to either the a or b fragment or both but not the c fragment on its own. Attempts to get a consistent rescuing pattern from five separate experiments with HindlII fragments and two with EcoRI fragments were unsuccessful. The possible explanations for this will also be discussed below (see Discussion).
Rescue experiments with HSV-2 ts5 and HSV-2 ts9 with XbaI and HindlII fragments are shown in Table 4 . With HSV-2 tsl, ts6, tsl2 and tsl3, rescue was obtained at 38.5 °C, but ts + progeny was obtained with HSV-2 ts5 and HSV-2 ts9 only by rescue at 31 °C. There is a high background in the rescue of HSV-2 ts5 by XbaI fragments, with the abc band yielding the highest progeny. The result with HindlII fragments was more clear-cut, and ts + progeny was obtained only with HindlII h, which is contained within XbaI c. Rescue experiments with different preparations of XbaI fragments were carried out several times, but the results were either negative or the same as those shown in Table 4 . We do not yet understand the difference in quality between the XbaI and HindlII results. It should be noted that a map location within HindlII h would be consistent with the results obtained by intertypic marker rescue (see below, and Fig. 3) .
The only XbaI rescuing fragment for HSV-2 ts9 is XbaI d (Table 4 ). There are two HindlII bands which give rise to ts + virus progeny: HindlII efg and h. The first band (efg) rescues 15 times better than the second (h) and, as explained above in the case of HSV-2 ts6 (Table 3) , the rescue with h is probably due to cross-contamination from the efg band. Since f and g are joint fragments (see Fig. 1 any end fragment, the rescue is most probably due to the e fragment. HindIII e has overlapping DNA sequences with XbaI d (Fig. 1) between the XbaI c to d and HindIII e to a sites.
Intertypic recombinants
The mutations present in mutants HSV-2 tsl, ts5, ts6, ts9, tsl2 and tsl3 were also mapped by rescuing virus from cells co-infected with intact HSV-2 ts DNA and unseparated wt fragments of HSV-1 DNA. In this case, ts + recombinants were plaque-purified and the HSV-1 DNA sequences present mapped by restriction endonuclease analysis. This technique is already well established Stow & Wilkie, 1978; Chartrand et al., 1979 Chartrand et al., , 1980 so that supporting data are not given for the location of the crossover regions in the recombinants. Table 5 summarizes the 20 intertypic recombinants used in this study, together with their HSV-2 ts parent, the restriction endonucleases that produced the wt HSV-1 rescuing DNA fragments, and the list of the restriction sites that define the HSV-I DNA insertions in the otherwise HSV-2 genome. The restriction enzymes listed are those which define the crossover sites by their presence or by their absence in a recombinant. Restriction sites are designated by the two letters that identify the fragments on either side (Fig. 1) . The first two restriction sites define the limits of the region containing a crossover on the left-hand side of the HSV-1 DNA insertion, the last two define the limits of the region containing a crossover on the right-hand side. It should be noted that there are two series of delimiting restriction sites for all the R 12 recombinants and this is because all the R 12 recombinants have two distinct HSV-1 DNA insertions. The last two intertypic recombinants listed in Table 5 (FX5-12, FX9-5) have not been produced by marker rescue but by a genetic cross between two ts mutants of HSV-1 and HSV-2, as described previously (Timbury & Subak-Sharpe, 1973) . The genome structure of the intertypic recombinants listed in Table 5 are illustrated in Fig. 2, 3 , 4, 5, 6 and 7.
Mapping limits of six HSV-2 ts mutations from the combined data of marker rescue and intertypic recombinants The combined physical mapping data from marker rescue and intertypic recombinants for six ts mutations of HSV-2 are shown in Fig. 2, 3, 4 
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BamHIa-w * The restriction sites are listed from left to right on the HSV genome as shown in Fig. 1 . f 1 represents an HSV-1 restriction site and 2 an HSV-2 restriction site. Refers to the end on the right-hand side of the short region. § Refers to the junction between the long and short regions. If FX5-12 and FX9-5 are the result of a genetic cross between virions of two ts mutants of HSV-1 and HSV-2 as described previously (Timbury & Subak-Sharpe, 1973 figure are the maximum mapping limits for these mutations. The orientation of the HSV-2 genome is as shown in Fig. 1 . In all six cases, the mapping limits obtained from marker rescue and intertypic recombinants share overlapping DNA sequences. The precision of the combined techniques is illustrated by the mapping limits of ts 1 (Fig. 2) that represent only 1.2% (1.2 x l0 s daltons) of the HSV-2 genome. The limits for the other mutations are: 2.0% (ts5), 2.6% (ts6), 7.7% (ts9), 3.6% and 8.3% (tsl2) and 6.2% (tsl3). Attempts to isolate intertypic recombinants of HSV-2 tsl3 with HSV-1 BgllI fragments, however, were unsuccessful. This could be due to the HSV-1 BgllI g to f site being too near the tsl3 mutation ( Fig. 1 and 7) . By the same criterion, since we cannot get intratypic marker rescue of HSV-2 ts6 with HSV-2 EcoRI fragments, ts6 may lie close to the HSV-2 EcoRI g to a site. All the intertypic recombinants with HSV-2 ts 12 have two distinct insertions of HSV-1 DNA (Fig. 6 ) and the possible explanations for this will be dealt with in the Discussion.
Summary of the location of the ts mutations on the HSV-2 genome
A summary of the mapping limits for six or possibly seven ts mutations of HSV-2 is presented in Fig. 8 ; also shown is the previously published genetic map obtained by three-factor crosses (Timbury & Calder, 1976) . Since none of the mutations have overlapping physical limits, this makes the physical ordering unambiguous. It can be seen that the correlation between the physical and genetic maps (Fig. 8) is very good except for tsl2 which is probably due to two separate ts mutations (see Discussion). The genetic map of Timbury & Calder (1976) is included for comparison.
DISCUSSION
Six ts mutations of HSV-2 have been physically mapped on thc basis of intratypic and intertypic marker rescue. The physical map correlates well with the map published earlier based on genetic analysis (Timbury & Calder, 1976) .
There is no evidence of clustering of mutations on the basis of DNA phenotype although too few mutations were studied to be certain this would apply within a localized region. This is of interest in view of the fact that the three DNA-negative mutants (HSV-2 tsl, ts6 and ts9) are also defective in the production of viral DNA polymerase activity. Thus, HSV-2 tsl induces a higher level of activity than wild-type virus, whereas HSV-2 ts6 produces a thermolabile polymerase and HSV-2 ts9 induces no activity at all (Hay et al., 1976) . In addition, HSV-2 ts9 does not switch off the synthesis of host cell DNA and histone (Halliburton & Timbury, 1973) and produces very few virus polypeptides (D. McDonald & H. S. Marsden, personal communication) : the mutation therefore may affect an early stage in replica0on. Of the three DNA-positive mutants, HSV-2 tsl3 is known to be a double mutant with one conditional lethal lesion affecting the thermal stability of the virion and a second non-lethal ts mutation in the viral exonuclease gene (Moss et al., 1979 Physical mapping of HSV-2 mutations 131 appear unrelated and map separately on the genome. Our data suggest that the HSV-2 tsl2 is also probably a double mutant. The five intertypic recombinants generated with HSV-2 tsl2 all contain two separate insertions of HSV-1 DNA (Fig. 6 ) which map in a region of U L and a region of S respectively. This could be due to one region with a high probability of intertypie recombination unrelated to the defect in HSV-2 tsl2, but this is unlikely since the same phenomenon was not observed in other rescue experiments (Fig. 2, 3, 4, 5 and 7) . The possibility the the two sequences must be homotypic to retain function can be excluded, since several recombinants have been isolated which are heterotypic in those regions [DX1 (34-2), BX1 (31-2), BX5 (7), BX6 (17), RH-1, RE6 and RE5; Marsden et al., 1978] . The remaining explanation, that HSV-2 tsl2 has two distinct conditionally lethal ts mutations, seems the most likely. We cannot as yet say whether the putative ts mutation in S is in the unique or repeated sequences. It is unlikely to be in the same gene(s) as the mutations in HSV-1 tsD or HSV-1 tsK, which are located in the short region repetitive sequences Stow & Wilkie, 1978) since these mutants have a DNA-negative phenotype (Crombie, 1975) whereas HSV-2 tsl2 is DNA-positive although it produces reduced amounts of DNA (Halliburton & Timbury, 1973 .
Several unresolved problems remain. For example, HSV-2 ts5 and HSV-2 ts9 are only rescued at the permissive temperature, and no intertypic rescue was obtained with HSV-2 ts9 at either permissive (PT) or non-permissive temperatures (NPT). Four other mutants (HSV-2 ts3, ts7, tslO and tsll) consistently gave negative results in intra-and intertypic rescue experiments at PT and NPT, although their extracted intact DNA was highly infectious at PT. A similar situation has been reported for HSV-1 ts mutations (Stow, 1978) . The reasons for the difficulties in rescuing nearly half the ts mutants are not known. Different explanations may apply to different cases. Some mutants may contain multiple ts lesions, or the nature of the lesion may itself be responsible for the failure, e.g. rec-mutation. Previous studies Stow & Wilkie, 1978) and the present work show that a considerable proportion of the rescued progeny in successful experiments is recombinant. However, we do not yet know if complementation plays a role in rescue and, if so, in some cases this might contribute to difficulty in demonstrating rescue: HSV-2 ts9 for example, is very defective at non-permissive temperature and induces very little virus-coded RNA or protein (H. Marsden & A. Easton, personal communication) . Fragmented DNA may complement so poorly that the infectious cycle of HSV-2 ts9 mutant DNA is so inhibited that there is no recombination. This would not explain failure to recombine at permissive temperature. Whatever the reasons, failure to rescue four out of the ten mutants tested represents a major problem in this experimental approach to mapping.
In order to correlate genotype and phenotype, precision mapping of both genes and mutations is necessary. At present, very few approaches are available for precise mapping of virus point mutations. Random mutations can be approximately located by marker rescue techniques and precisely by nucleic acid sequencing of mutants and revertants. An alternative precise approach uses site-specific mutagenesis in vitro (Miiller et al., 1978; Shortle & Nathans, 1978; Chu et al., 1979) . Marker rescue is one of only a few available approaches and has previously been used by Bookout et al. (1978) , Chartrand et al. (1979) , Knipe et al. (1979a, b) and Ruyechan et aI. (1979) . Chu et al. (1979) have also used this method to map several ts mutants obtained by hydroxylamine mutagenesis of HSV-1. The results reported here confirm the usefulness of the method for mapping ts mutations of HSV-2 also.
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